Ultrafast photoexcited carrier dynamics in CdS nanoparticles prepared by an AOT/n-heptane reversed micelle system were investigated by a femtosecond visible-pump/mid-IR probe technique. A mid-IR probe beam was found to mainly probe the ultrafast dynamics of photoexcited electrons in the conduction band. Dispersions of CdS nanoparticles with 8 different mean diameters from 2.9 to 4.1 nm were prepared by tuning the mole ratio between water and AOT (W ) [H 2 O]/[AOT]) in the reversed micelle systems. The excited state lifetime strongly depended on the mean size of CdS nanoparticles with a maximum around a mean diameter of 3.5 nm. This result was explained by considering the balance between the carrier recombination rates via surface states and those via interior states. The relationship between the excited state lifetime and the size of CdS nanoparticles was drastically changed when the surface was terminated by thiol molecules.
Introduction
Interest has been shown in quantum-confined materials over the past two decades because of their unique electronic and optical properties. Semiconductor quantum dots (QD) have attracted much attention because their band gap energy can be tuned by controlling their size and shape. Such tunability can be useful for a wide range of applications, including solar energy conversion, optical devices, and optical labels in biochemical systems. The static and dynamic properties of semiconductor QDs, especially II-VI semiconductor QDs, such as CdSe and CdS nanoparticles, have been investigated by various techniques. 1 Transient absorption measurement has recently become an important tool for monitoring excited carrier dynamics in semiconductor nanoparticles. An understanding of excited carrier dynamics is important not only for device application but also for general photophysics of zero-dimensional systems.
Several groups have recently studied the relaxation dynamics of CdSe nanoparticles in terms of their surface properties and size dependence by femtosecond pump/probe spectroscopy. Guyot-Sionnest and co-workers 2, 3 demonstrated that the dynamic behavior of excited electrons could be monitored by using a mid-IR probe beam, in contrast to the complex relaxation behaviors in the visible probe measurements due to the contributions from both electrons and holes, as has been reported. 4 They showed that the peak energy and bandwidth of transient mid-IR spectra for CdSe nanoparticles depended on their mean size and size distribution. Klimov et al. [4] [5] [6] [7] showed that intraband optical excitation could be used to separate the contributions of electron's and hole's transients by three-pulse pump-probe experiments. Burda et al. 8, 9 reported further experimental evidence that the transient mid-IR and near-IR behaviors could be correlated to electron and hole transients, respectively. Recently, the difference between ultrafast spectroscopic behaviors of semiconductor nanodots and nanorods has been actively investigated. [10] [11] [12] These investigations indicated that tunable near-IR and mid-IR probes can monitor the ultrafast dynamic behaviors of excited holes and electrons, respectively.
Photophysics and photochemistry of CdS nanoparticles have also been investigated in detail, because of the ease in their preparation and the availability of a wide variety of preparation methods. Exciton dynamics in CdS nanoparticles have been investigated mainly by time-resolved photoluminescence and transient absorption. 13 Although Zhang et al. 14, 15 have investigated in detail the charge carrier dynamics of CdS nanoparticles dependent on various parameters, such as size, excitation intensity, and surface termination of CdS nanoparticles, using visible-pump visible-probe measurement, the transient behavior monitored by visible probe does not provide information of independent contributions from holes and electrons, as mentioned above. Thus, it is important to investigate the carrier dynamics in CdS nanoparticles by using probe beams in the mid-IR to near-IR wavelength region.
In the present study, visible-pump/mid-IR-probe transient absorption measurements were carried out for dispersions of CdS nanoparticles of 8 different carefully controlled mean sizes, which were prepared by the reversed micelle method. The origin of mid-IR absorption was clearly assigned by measuring the decay behaviors in solutions containing electron or hole acceptors. A volcano-type relationship between relaxation lifetime and mean size of CdS nanoparticles was obtained. The effect of surface termination on the electron dynamics was also investigated.
Experimental Section
I. Materials. Ethanol (superpure grade), 1-butanol (superpure grade), acetone (superpure grade), bis(2-ethylhexyl) sodium sulfosuccinate (AOT, pure grade), triethanolamine (superpure grade), and Na 2 S‚9H 2 O (superpure grade) were purchased from Wako Pure Chemicals. Cd(ClO 4 ) 2 ‚6H 2 O was obtained from Kishida Chemicals. 2-Mercaptoethanesulfonate (97%) was obtained from Aldrich, and toluene (spectroscopy grade), n-heptane (spectroscopy grade), and methanol (spectroscopy grade) were purchased from Dojindo Laboratory. 1,4-Benzoquinone, 1,4,-aminothiophenol, thiophenol, and 1,1′-dimethyl-4,4′-bipyridinium dichlodide (methyl viologen, >95%) were purchased from TCI. All chemicals were used without further purification. Ultrapure water was obtained by using a Milli-Q water purification system (Millipore). Ar (99.999%) and N 2 (99.99%) were obtained from air-water.
II. Preparation of CdS Nanoparticles. CdS nanoparticles were prepared in AOT/n-heptane reversed micelles. 16 Typically, 100 mL of n-heptane solution of 0. After each solution had been stirred for 1-2 h, the solutions were mixed together and stirred for another 1 h, resulting in the formation of CdS nanoparticles in the reversed micelles. The dispersions of as-prepared CdS nanoparticles were used as samples.
Thiol-capped CdS nanoparticles were prepared as follows. 17 The terminal agent 2-mercaptoethanesulfonate was added to a CdS/AOT/n-heptane solution, and the solution was stirred for 12 h. Pyridine was then added to destroy the AOT reversed micelles, resulting in the formation of precipitate, i.e., thiolcapped CdS nanoparticles. After removal of the top clear layer of the solution by decantation, the thiol-capped CdS nanoparticles were washed successively with pyridine, n-heptane, diethyl ether, 1-butanol, acetone, and methanol. Thiol-terminated CdS nanoparticles were dispersed in deuterium oxide (D 2 O).
UV-visible spectra of nanoparticles were obtained by a Hitachi U-3300 spectrometer. FT-IR spectra were obtained by using Biorad FTS-30, and the optimal IR wavelength for the time-resolved IR probe measurement was determined to avoid strong IR absorption of AOT, water, and n-heptane.
III. Time-Resolved Visible-Pump/IR-Probe Measurements. Observations of picosecond transitional absorption change were performed with a femtosecond time-resolved visible-pump/IR-probe system 18, 19 as schematically shown in Figure 1 . In all measurements, excitation wavelength was 395 nm (3.13 eV) and probe wavelength was tuned to avoid large absorption of H 2 O and D 2 O. The pulse train of 120 fs pulses of 2 mJ energy with a 1 kHz repetition rate was generated by a Ti:sapphire regenerative multipath amplifier system (Quantronics, model 4812RGA/4823S/C), which was synchronously pumped by a mode-locked YLF laser (Quantronics, 527DP-H). The seed pulses (400 µJ energy, 100 fs pulses centered at 790 nm with a repetition frequency of 82 MHz) were supplied by a mode-locked Ti:sapphire laser (Spectra-Physics, Tsunami: 3960-L2S) pumped by an Nd:YVO 4 laser (SpectraPhysics, Millenia-Vs). The final output of the laser system was split into two equivalent beams to generate the pump and probe beams for the TRIR measurements. The probe beam (2.5-6.0 µm, bandwidth 200 cm -1 , 0.1-0.8 µJ pulse -1 ) was obtained by difference frequency generation in an AgGaSe 2 crystal (thickness 1 mm) of signal and idler beams from an optical parametric amplification/optical parametric generation (OPA/ OPG) system (Quantronix, TOPAS 8034) pumped by one beam. The other beam was used to generate a pump beam (395 nm, 0.5-9.0 µJ pulse -1 ) by second harmonic generation in a BBO crystal (thickness 1 mm). The wavelengths of the pump and probe beams represent the central wavelengths of both beams since the bandwidths of femtosecond pulses are relatively broad (fwhm ∼ 200 cm -1 ). The probe beam was split into two beams. One beam of smaller intensity was directed into a reference channel with an InSb detector (Hamamatsu, P5172-200), and the other beam was passed through the sample and the IR-pass visible-blocking glass filters and then introduced to a monochromator (Bunko Keiki, M-25), which was coupled with a liquid nitrogen-cooled 64 element MCT linear array system (Infrared Associates, IR-6416). The pump and probe beams were noncollinearly focused with use of focal lenses and overlapped with each other in the sample cell with incident angles of 25°a nd 0°(surface normal), respectively. In all experiments, the sample solution was flowed in the thin layer cell at a flow rate of 2 mL min -1 . The optical path length was limited to 1.0 mm by a Teflon spacer and CaF 2 windows. The diameters of the pump and probe beams were 300 and 220 µm, respectively. The amplified outputs from the MCT array and the InSb detector were fed into a personal computer (NEC) via I/O interface and via a combination of a gated boxcar integrator (Stanford Research, SR-250) and a digitized with 12-bit A/D converter unit (Stanford Research, SR-245), respectively. Transmittance data were accumulated and recorded by a personal computer as normalized absorption change, ∆Abs ) (I 0 -I)/I 0 , where I 0 and I represent intensities of transmitted IR beam with and without visible excitation, respectively. Both I and I 0 were normalized by the reference IR beam intensity within a given fluctuation, which was typically (5%. The delay time between the pump and probe pulse was controlled by an optical delay line consisting of a retroreflector on a 1-axis translation stage (Sigma Koki) with 1 µm (3.3 fs) resolution and 1 ns maximum delay.
Results and Discussion
I. Steady-State Absorption Spectra. Figure 2 shows UVvisible absorption spectra of the as-prepared CdS nanocluster dispersions in n-heptane with various values of W. As has already been reported, the absorption edge shifted to a shorter wavelength with a decrease in the value of W, indicating a change in the size of CdS nanoparticles. 16, 20 The mean diameter of the CdS nanoparticles for each sample was calculated from the exciton peak, which is defined as the position of the absorption maximum or shoulder, using tight-binding approximations with the assumption that the energy of the exciton peak in Figure 2 gives the band-gap energy. The calculated mean diameters of several CdS nanoparticle dispersions are sum- Table 1 . A broad absorption peak at around 3500 cm -1 due to the O-H stretching vibration of water was observed in FT-IR spectra of the reversed micelle dispersions containing (a) Cd 2+ and (b) S 2-and of the as-prepared CdS nanocluster (W ) 8) dispersions in n-heptane. The intensity and shape of the O-H stretching peak of the three spectra were identical, showing water was still prsent in the reversed micelle even after the formation of CdS nanoparticles most probably between CdS and AOT (see the Supporting Information).
II. Effect of Excitation Intensity. Figure 3 shows the IR absorption decay behaviors at various excitation intensities for the as-prepared CdS nanoparticle (W ) 8) dispersion. The wavelength of the IR probe was set to 4 µm (0.31 eV) to avoid large absorption by water around the CdS nanoparticles. ∆Abs increased drastically at t ) 0 and decreased with biexponential decay in the following several hundred picoseconds at all excitation intensities. The inset in Figure 3 shows the excitation intensity dependence of ∆Abs at t ) 0. The relaxation lifetimes of the fast and slow components were determined with biexponential decay fitting to be 30 ps and 1.0 ns, respectively, and the contribution of the fast component became larger with an increase in excitation intensity. Such excitation intensity dependencies have been reported for CdS and CdSe nanoparticles with both visible-pump/visible-probe and visible-pump/IR-probe transient absorption measurements. 5, 14, 21, 22 In the dispersions of CdS nanoparticles of smaller mean diameters, a linear correlation between ∆Abs at t ) 0 and excitation intensity was also observed, but the threshold of the excitation intensity where the nonlinear correlation appears shifts toward larger excitation intensities than those for dispersions of CdS nanoparticles of larger mean diameters. Such nonlinearity appears to be due to the increase in the excitation photon density per CdS nanoparticle. In the present study, since we used a CdS nanoparticle dispersion of the same absorbance of 1.0 at 395 nm for samples of different mean sizes, the number of absorbed photons by each CdS nanoparticle was higher when the mean size of the nanoparticles was smaller. An increase in the number of absorbed photons per CdS nanoparticle is known to cause the Auger recombination, 21, 22 leading to the nonlinear relationship. To minimize the effect of multiphoton absorption in the discussions, we fixed the excitation intensity in the experiments constant at 3.5 µJ, at which the linear correlation between ∆Abs at t ) 0 and excitation intensity for the largest CdS nanoparticles (W ) 8) held and an efficient signal/noise ratio was obtained for the smallest CdS nanoparticles (W ) 4).
III. Effect of Electron/Hole Quencher.
To analyze the ultrafast dynamics in CdS nanoparticles in detail, it is essential to clarify whether the transient IR absorption is due to photoexcited electrons or holes. This can be achieved by examining the effect of electron or hole acceptors in the solutions on the relaxation behaviors. We used benzoquinone (BQ) and p-aminothiophenol (ATP) as an electron acceptor (electron quencher) and as a hole acceptor (hole quencher), respectively, as has already reported by Burda et al. 8 Figure 4a shows transient IR absorption behaviors of dispersed CdS nanoparticles (W ) 8) in n-heptane containing various concentrations of BQ with normalized decay curves in the inset. All of the decay curves can be fitted biexponentially. The addition of BQ clearly led to reduction of both amplitudes and lifetimes of the fast and slow relaxation components in the IR transient absorption. Figure 4b , the electron transfer (ET) rate constant, k ET ) k q [BQ], was determined to be 4.3 × 10 11 s -1 , which is ten times smaller than that reported for the ET rate between CdSe nanoparticles and BQ in toluene. 8 The ET rate from CdS nanoparticles to methyl viologen (MV 2+ ) in water was reported to be on the order of 10 12 s -1 . 13 The small ET rate of the present system may be due to the existence of a water layer between CdS nanoparticles and AOT because direct adsorption of BQ on the CdS surface should be inhibited by the water layer. Figure 5 shows the transient IR absorption behaviors of dispersed CdS nanoparticles (W ) 8) in n-heptane containing various concentrations of ATP. As has been reported by Burda et al., 8 the lifetime of transient IR absorption of CdS nanoparticles became slightly longer when ATP was added. This can be explained by the reduced electron-hole recombination as a result of the removal of holes by ATP, a hole acceptor. However, it is also possible that ATP molecules are adsorbed on the surfaces of CdS nanoparticles so that the density of the electron traps at the surface was reduced. Actually, we also observed that the addition of thiophenol (TP), which is not a hole quencher but is adsorbed on CdS nanoparticles, also reduced the decay rate of transient absorption. Although we cannot determine at this stage which is the main factor responsible for the increase in the relaxation lifetime of transient IR absorption when ATP was added, it is clear that the IR absorbance is not directly related to the concentration of holes.
From the above results, we can conclude that the mid-IR transient absorbance observed in the present system is due to the intraband excitation of photoexcited conduction electrons. Guyot-Sionnest et al. also reported intraband electron transitions in the IR range from 2.5 to 5 µm for CdSe nanoparticle dispersions. 2, 3 Thus, the relaxation dynamics monitored by the present experiments are correlated to the dynamics of photogenerated free electrons.
IV. Size Dependence. The size dependence of the transient IR absorption behaviors of CdS nanoparticles was examined. Figure 6 shows the normalized transient IR absorption decays of CdS nanoparticles dispersed in n-heptane with mean diameter from 2.9 (W ) 4) to 4.1 nm (W ) 8). The IR transient decays showed complicated relationships with the size of CdS nanoparticles. The lifetimes of fast and slow relaxation components for each IR absorption transient are summarized in Figure 7 and Table 2 . In Figure 7b , the lifetimes of the slow relaxation component for the two samples with mean diameters of 3.4 (W ) 6) and 3.5 nm (W ) 6.5) are not shown since the fitted lifetime values were more than 1 ns, which exceeded the time window of the present system. The lifetimes of both the fast relaxation component, τ 1 , and the slow relaxation component, τ 2 , show "volcano"-type dependencies on the mean diameter of CdS nanoparticles. The lifetimes increased with an increase in size up to 3.4-3.5 nm and then decreased. The contribution from the fast decay became larger with a decrease in mean diameter, as shown in Table 2 . The decrease in the contribution of the fast component as well as the increase in the lifetimes with an increase in the size of CdS nanoparticles can be explained by considering the decrease in the surface states, which act as recombination centers, because larger CdS nanoparticles have a smaller surface/volume ratio. A further increase in size led to a decrease in both the fast and slow lifetimes. This should be due to the increase in interior trap states such as crystal defects, which reduce the lifetime, with an increase in the size of CdS nanoparticles. In this scenario, the lifetime of photoexcited free electrons in CdS nanoparticles is determined by the balance between the densities of surface and interior trap states in the CdS nanoparticles, and the sum of the contributions of surface and interior states seemed to be minimum at the size of ca. 3.5 nm.
Although size dependencies of ultrafast photoexcited carrier dynamics have been investigated for several systems, including CdS, 23 CdSe, 2,3 InP, 24 and Cu x S 25 nanoparticles and CdS nanorods, 12 a "volcano"-type relationship between the electron relaxation lifetime and the size of the nanoparticles was observed for the first time in the present system. Such a unique behavior can be attributed to the unique shell structure around the CdS nanoparticles, i.e., CdS was covered by a highly dielectric water layer, a AOT reversed micelle layer, and a nonpolar heptane solvent. In addition, since the surface of the CdS nanoparticle was not stabilized by surface capping molecules, the effect of surface trap states became more obvious for the smaller CdS nanoparticles.
V. Effect of Surface Stabilization. To clarify the effect of surface stabilization on the ultrafast dynamics, the size dependence of free electron dynamics was investigated also for the thiol-capped CdS nanoparticles dispersed in D 2 O. UV-visible absorption spectra of CdS nanoparticles before and after the thiol-termination treatment seem to be identical, indicating that the size of CdS nanoparticles was not changed during thiolcapping treatment and, then, neither condensation nor dissolution took place. To avoid strong IR absorption around 4 µm, two different probe wavelengths of 3.2 (0.39 eV) and 2.8 µm (0.44 eV) were used. Figure 8 shows the IR absorption decay behaviors of thiol-terminated CdS nanoparticles (4.0 nm) probed at 3.2 µm in D 2 O with and without electron (MV 2+ ) or hole (triethanolamine: TEOA) acceptors. While the addition of an electron acceptor made the relaxation decay faster, the addition of a hole acceptor did not affect the relaxation behavior. The same results were also obtained when the probe wavelength was 2.8 µm, although the relaxation lifetimes depended on the probe wavelength. These results are essentially the same as those shown in Figures 4 and 5 . Thus, the relaxation dynamics monitored at the probe wavelengths of 3.2 and 2.8 µm was confirmed to be related to the dynamics of photogenerated free electrons. Figure 9 shows size dependencies of the lifetimes of fast relaxation components of thiol-capped CdS nanoparticles measured at the two probe wavelengths stated above and uncapped CdS nanoparticles in AOT reversed micelles measured at 4.0 µm for comparison. The lifetimes of the slow relaxation component for thiol-capped CdS nanoparticles were too long (>1 ns) to determine by the present experimental system, of which the maximum time delay is 1 ns. In the case of the thiolcapped CdS nanoparticles, a "volcano"-type relationship between the relaxation lifetime and the size of CdS nanoparticles was no longer observed and the lifetime of the fast component monotonically increased as the size became smaller. Although the probe wavelengths were different for the time-resolved transient IR measurements at uncapped and thiol-capped CdS nanoparticles, the relationship between size and relaxation lifetime by thiol-termination was similar and the trend may be independent of the wavelength of the probe beam. Thus, we can conclude that the lifetime of photoexcited free electrons was increased by thiol-capping and this effect became more apparent when the size became smaller. The modification of the surfaces of CdS nanoparticles by thiol molecules passivated the electron traps at surfaces of CdS nanoparticles. An increase in the relaxation lifetime of photoexcited electrons by passivation of surface electron traps with thiol-termination has also been reported for another system. 26 However, several studies [27] [28] [29] have indicated that thiol-cap termination leads to a decrease in the photoluminescence (PL) intensity for semiconductor nanoparticle systems, although the lifetime of photoexcited free electrons increases. 26 Actually, We have also observed that the PL intensity decreased significantly by thiol-capping. 30 Recently, Wuister et al. investigated the effect of thiol capping on the exciton luminescence of CdTe and CdSe nanoparticles. 31 They found that the thiol-capping treatments resulted in an increase in luminescence for CdTe nanoparticles but quenching of CdSe nanoparticles. They concluded that the thiol adsorption resulted in the generation of a new hole trap channel and because of the lower energetic position of the valence band for CdSe than that of CdTe, trapping of the photogenerated holes took place more effectively at CdSe. Since the position of the valence band of CdS nanoparticles is expected to be even lower than that of CdSe, the hole trapping to thiol is energetically more favorable at CdS. From the above discussions, it can be concluded that thiolcapping treatment not only deactivates surface electron trap states, resulting in longer lifetimes of free electrons, but also introduces new hole trap states, resulting in luminescence quenching, on the surfaces of CdS nanoparticles.
Conclusion
In summary, we have observed a "volcano"-type relationship between the size and the photoexcited free electron lifetime for "uncapped" CdS nanoparticle dispersions and shown that the balance between densities of surface and interior trap states was the origin of this relationship. A quite different size dependence of the photoexcited free electron lifetime was observed when thiol(thiolate)-cap molecules were introduced. The photoexcited free electron lifetime monotonically increased as the size decreased, indicating that the surface trap state was deactivated by the thiol-cap, although PL was efficiency decreased by the same treatments.
